In a general DIARC framework [13] 
INTRODUCTION
Robotic manipulator driven by hydraulic actuators has been widely used in the industry for the tasks such as material handling and earth moving due to its high power density. These types of tasks typically require that the end-effectors of the manipulators follow certain prescribed desired trajectories in the working space. In order to meet the increasing requirement of productivity and performance of modern industry, the development of high speed and high accuracy trajectory tracking controllers for the coordinated motion of robot manipulator driven by hydraulic actuators is of practical importance.
Compared to the the conventional robotic manipulator driven by electrical motors, the controller design for the robotic manipulator driven by hydraulic actuators is more difficult both theoretically and experimentally due to the following several reasons. First of all, unlike the electrical motors, the hydraulic cylinders are linear actuators and complicated mechanical mechanisms are needed to drive revolute joints. Such a configuration results in additional nonlinearities and stronger couplings among the dynamics of various joints. Secondly, in addition to the coupled MIMO nonlinear dynamics of the rigid robot arm, the dynamics of the hydraulic actuators must be considered in the control of a hydraulic arm, which substantially in-creases the controller design difficulties. It is well known that a robot arm including actuator dynamics has a relative degree more than three [17] . Synthesizing a controller for such a system usually requires joint acceleration feedback for a complete state feedback, which may not be a practical solution. Furthermore, the single-rod hydraulic actuator studied here has a much more complicated dynamics than electrical motors. The dynamics of a hydraulic cylinder is highly nonlinear [9] and may be subjected to non-smooth and discontinuous nonlinearities due to directional change of valve opening and frictions. The dynamic equations describing the pressure changes in the two chambers of a single-rod hydraulic actuator cannot be combined into a single load pressure equation, which not only increases the dimension of the system to be dealt with but also brings in the stability issue of the added internal dynamics. Finally, a hydraulic arm normally experiences large extent of model uncertainties including the large changes in load seen by the system in industrial use, the large variations in the hydraulic parameters (e.g., bulk modulus), leakages, the external disturbances, and frictions. Partly due to these difficulties, so far, the model-based robust control of a hydraulic arm has not been well studied and fewer results are available. In [4] the singular perturbation was used to synthesize a controller for a 6 axis hydraulically actuated robot. In [8] a variable structure controller was developed to control a Caterpillar 325 excavator without considering parametric uncertainties and uncertain nonlinearities associated with the system simultaneously. Theoretically, none of above schemes could address all the difficulties mentioned above well.
In [13] an integrated direct/indirect ARC (DIARC) framework is presented for the high performance trajectory tracking control of SISO nonlinear systems in a semi-strict feedback form taking into account both the parametric uncertainties and uncertain nonlinearities. The resulting DIARC controller not only achieves a guaranteed robust tracking performance but also as good on-line parameter estimation as possible. In [3] a physical model based ARC controller, which uses overparameterization for a 3 DOF hydraulic robot arm to avoid need of acceleration feedback was proposed. The same problem was solved by the duo in [2] using an acceleration observer. In both the cases, however, the presented ARC controllers are of direct type, which only admit gradient-type of parameter adaptation law, leading to poor on-line parameter estimation in practice.
This paper continues the work done in [3] and [2] but will extend the design to include LSE-type of parameter estimation laws for accurate on-line parameter estimates and reduce the order of control by avoiding overparameterization. The proposed method makes full use of the property of the inertial matrix that the adjoint matrix and the determinant of the inertial matrix could be linearly parametrized by certain suitably selected parameters. Theoretically, the proposed DIARC approach achieves a guaranteed transient and final tracking accuracy for output trajectory tracking, which overcomes the drawbacks of traditional robust adaptive control designs. At the same time, asymptotic output tracking is achieved in the presence of parametric uncertainties only, which overcomes the performance limitation of traditional robust control designs. Simulation results based on a 3 DOF hydraulic arm will be presented to illustrate the effectiveness of the proposed control algorithm. Experimental verification is being carried out and comparative experimental results will be presented at the conference when available. The system under consideration is depicted in Fig.1 , which represents a 3 DOF robot arm driven by three single-rod hydraulic cylinders. The joint angles are represented
PROBLEM FORMULATION AND DYNAMIC MODEL
T is the displacement vector of the hydraulic cylinders, which is uniquely related to the angle q, i.e., x L1 (q 1 ), x L2 (q 2 ) and so on. The goal is to have joint angles q track any feasible desired motion trajectories as closely as possible for precision maneuver of the inertia load of the hydraulic robot arm. The rigid-body dynamics of the hydraulic arm can be described by: (1) where P 1 = [P 11 , P 12 Let m L be the unknown payload mounted at the end of the 3 rd arm, which is treated as a point mass for simplicity. Then, the inertial matrix M(q), coriolis terms C(q,q) and gravity terms G(q) in (1) can be linearly parametrized with respect to the unknown mass m L as
where
are known nonlinear functions of q andq. One of the properties of the inertia matrix M(q) is that its inverse can be written as:
where 
where I c , I si , M c and M i are of the known functions of joint position q and I is a scalar. Assuming no cylinder leakages, the actuator (or the cylinder) dynamics can be written as,
are the diagonal total control volume matrices of the two chambers of hydraulic cylinders respectively, which include the hose volume between the two chambers and the valves,
are the control volumes of the two chambers when
, β e ∈ R is the effective bulk modulus,
T is the vector of the supplied flow rates to the forward chambers of the driving cylinders, and
is the vector of the return flow rates from the return chambers of the cylinders.
] denotes the spool displacements of the valves in the hydraulic loops. Define the square roots of the pressure drops across the two ports of the first control valve as:
where P s is the supply pressure of the pump, and P r is the tank reference pressure. Similarly, let g 3i and g 4i be the square roots of the pressure drops for the ith hydraulic loop. For simplicity of notation, define the diagonal square root matrices of the pressure drops as:
Then, Q 1 and Q 2 in (5) are related to the spool displacements of the valves x v by ,
are the constant flow gain coefficients matrices of the forward and return loops respectively.
Given the desired motion trajectory q d (t), the objective is to synthesize a control input u = x v such that the output y = q tracks q d (t) as closely as possible in spite of various model uncertainties.

ADAPTIVE ROBUST CONTROLLER DESIGN Design Model and Issues to be Addressed
In this paper, for simplicity, we consider the parametric uncertainties due to the unknown payload m L , and the nominal value of the lumped disturbance vector T , T n only. Other parametric ucnertainties can be dealt with in the same way if necessary. In order to use parameter adaptation to reduce parametric uncertainties to improve performance, it is necessary to linearly parametrize the system dynamics equation in terms of a set of unknown parameters. To achieve this, define the unknown parameter set as
The system dynamic equations can thus be linearly parametrized in terms of θ as
Since the extent of the parametric uncertainties and uncertain nonlinearities are normally known, the following practical assumption is made. The following practical assumptions are made about parametric uncertainties and uncertain nonlinearities: Assumption 1. The unknown parameter vector θ is within a known bounded convex set Ω θ . Without loss of generality, it is assumed that, ∀θ ∈ Ω θ , θ imin ≤ θ i ≤ θ imax , i = 1, 21, 22, 23, where θ imax and θ imin are some known constant.
Assumption 2. The uncertain nonlinearityd(t) can be bounded by a known function
At this stage, it can be seen that the main difficulties in controlling (9) are: (i) The system dynamics are highly nonlinear and coupled, due to either the nonlinear robot dynamics or the dependence of the effective driving torque on joint angle (terms like ∂x(q) ∂q ) and the nonlinearities in the hydraulic dynamics; (ii) The system has large extent of parametric uncertainties due to the large variations of inertial load m L ; (iii) The system may have large extent of lumped uncertain nonlinearities T including external disturbances and unmodeled friction forces; (iv) The added nonlinear hydraulic dynamics are more complex than the electrical motor dynamics; (v) The model uncertainties are mismatched, i.e. both parametric uncertainties and uncertain nonlinearities appear in the dynamic equations which are not directly related to the control input u = x v .
To address the challenges mentioned above, following general strategies will be adopted in the controller design. Firstly, the nonlinear physical model based analysis and synthesis will be employed to deal with the nonlinearities and coupling of the system dynamics. Secondly, the DIARC approach will be used to handle the effect of both parametric uncertainties and uncertain nonlinearities; fast robust feedback will be used to attenuate the effect of various model uncertainties as much as possible while parameter adaptation will be introduced to reduce model uncertainties for high performance. Thirdly, backstepping design via DIARC Lyapunov function will be used to overcome the design difficulties caused by the unmatched model uncertainties. Finally, the property, that the adjoint matrix and the determinant of the inertial matrix could be linearly parameterized by certain suitably selected parameters is utilized and overparameterizing method is employed to avoid the joint acceleration feedback.
Notations
Letθ denote the estimate of θ andθ the estimation error (i.e., θ =θ −θ). As in [11, 5] , the widely used discontinuous projection mapping Pro jθ(•) will be used to keep the parameter estimates within the known bounded setΩ θ , the closure of the set Ω θ .
Pro jθ(ξ)
o Ω and ∂Ω denote the interior and boundary of Ω θ respectively, and n T θ represents the outward unit normal atθ ∈ Ωθ. In order to achieve complete separation of estimator design and robust control design, it is necessary to use a pre-set adaptation rate limits for a controlled estimation process [13] . This is an important part of design process in back-stepping design in order to avoid feedback of higher derivative ofθ. We will use following saturation-like function satθ M (•) for limiting the rate of change ofθ:
By using an adaptation law given byθ = Pro jθ(satθ M (Γτ)), where Γ > 0 is a diagonal matrix, τ is an adaptation function to be synthesized later andθ M is the upper bound for the adaptation rate. It can be shown that [10, 11] , for any adaptation function τ, the projection mapping as used above guarantees:
P3. The parameter update law is uniformly bounded byθ M , i.e. θ (t) ≤θ M , ∀t > 0.
Controller Design using DIARC
The design parallels the recursive backstepping design procedure via DIARC Lyapunov functions in as follows.
Step 1 Define a switching-function-like quantity as Recalling the property thatṀ(q) − 2C(q,q) is a skew symmetric matrix, the derivative of the Lyapunov-candidate function V 2 is given bẏ
If we treat P L as the virtual control input to (1), a virtual control law P Ld for P L will be synthesized such that z 2 is as small as possible with a guaranteed transient performance. Since (1) has both parametric uncertainties θ 1 and θ 2 and uncertain nonlinearity T , the DIARC approach proposed in [13] will be generalized to accomplish the objective. The control function P Ld consists of two parts given by
where K 2 (t) is a positive feedback gain matrix and
Substituting (14) into (13) and let z 3 = P L −P Ld represent the input discrepancy, we will havė
Then P Lds and positive feedback gain matrix can be chosen to satisfy:
where ε 2 is a design parameter which can be arbitrarily small. Essentially, first condition of (18) shows that P Lds is synthesized to dominate the model uncertainties coming from both parametric uncertainties θ and uncertain nonlinearities T , where as noninterference of robust part and adaptive part of the design is ensured by second condiion. How to choose P Lds to satisfy constraints like (18) can be worked out in the same way as in [15] and [16] .
Step 2 In this step, an actual control law will be synthesized so that z 3 converges to designer-specified small value with a guaranteed transient performance and accuracy. If we were to use the backstepping design strategy via DIARC Lyapunov function as in [13] , then, the resulting DIARC law would require the feedback of the joint accelerationq , sinceq is needed in computing Ṗ Ld , the calculable part of the derivative of the desired virtual control function P Ld , for adaptive model compensation. In order to avoid the need for joint acceleration feedback, in the following, the property of the inertia matrix in (4) will be used as follows.
Multiply both side of first equation of (9) by |M|M −1 = M we will have
Thus (19) could be expressed by
where I is a scalar. Similar to (2), C t , G t and d n can be expressed by
where C tc and G tc are of the known nonlinear functions of q anḋ q.
From (22), redefine the unknown parameters as:
From (9), the derivative of z 3 is given bẏ
Define a p.s.d function as
whereV 2 | z 3 =0 represents the derivative of V 2 when z 3 = 0 and IṖ Ld can be expressed by
IṖ Ld represents the calculable part of IṖ Ld and will be used in the model compensation part of the ARC control law in this step, IṖ Ld is the incalculable part of IṖ Ld and will be attenuated by certain robust feedback. Define
From (25), Q L can be treated as the virtual control input in this step and we will synthesize an ARC control function Q Ld for Q L such that P L will track the desired control virtual control input P Ld with a guaranteed transient and final tracking performance. Similar to the first step, Q L is given by
where İ =İ c + ∑ n i=1İ si β i and K 3 is a positive feedback gain matrix. Substituting (29) in (25), we havė
Thus Q Lds could be chosen to satisfy:
where ε 3 is a positive design parameter.
Once the control function Q Ld for Q L is synthesized as given by (29), the actual control input u can be backed out from the continuous one-to-one nonlinear load flow mapping (28) as follows. Noting that the elements of the diagonal matrices g 3 , g 4 , V 1 , and V 2 are all positive functions, u i , the control input for the ith hydraulic loop, should have the same sign as Q Ldi . Thus
PARAMETER ADAPTATION
We intend to use least square algorithm for parameter identification of the system. As indicated earlier in order to stress more on the design philosophy rather than the actual design process, we will assume the uncertainty only in the mass lifted by the robotic arm. Another parameter to be identified is the dc-like component of the disturbance coming out of uncertain nonlinearity like term. Even though all the states are available for the measurement, the unavailability of rate of change of states suggests design of a filter circuit as in [7] . The following describes the robot dynamics without presence of any uncertain nonlinearity
Let H f (s) = 1 τs+1 , τ > 0 be a first order low-pass filter. Let (q)q) . But, one important thing is to notice that asq is not available for measurement, we can't implement this filter circuit directly.
Definition 1 (Filters Design for Parameter Adaptation).
Let H f (s) = 1 τs+1 be a first order stable filter and let the filtered signals be
Now, we can write the robot dynamics as
We implement the covariance-resetting, exponential-forgetting, recursive LSE [1] to regressor equation (36) to estimate θ: Definition 2 (LSE Parameter Adaptation Algorithm).
In (37), α > 0 is the forgetting factor, t r is the covariance resetting time, i.e., the time when λ min (Γ(t)) = ρ 1 where ρ 1 is the pre-set lower limit for Γ(t) satisfying 0 < ρ 1 < ρ 0 . By limiting λ max (Γ(t)) ≤ ρ M , we avoid the estimator wind-up when the regressor is not persistently exciting.
Main Theoretical Results Lemma 1. When the rate-limited projection type adaptation law (37) is used, the following results hold:
In presence of no nonlinear uncertainties following additional facts also hold:
Proof: The boundedness of θ andθ are guaranteed by projection and saturated operator respectively. H f (s) is a stable filter and the regressor Ψ(t) is uniformly bounded. By choosing a pdf V θ = θ T Γ −1 θ, we can prove thatV θ = −c θ T ΨΨ T θ and hence, integrating the inequality we get Ψ T θ ∈ L 2 [0, ∞). 
B. Asymptotic Tracking: After a finite time t
0 ≥ 0, if T (t + 0 ) = 0, i.e.,
in the presence of parametric uncertainties only, in addition to results in A, asymptotic output tracking is also obtained.
The derivative of V 3 could be expressed bẏ
From the stabilizing condition of (18), (41) can be rewritten aṡ
which will lead to Part A by using Comparison Lemma [6] . The proof of part B for general SISO nonlinear systems in semistrict feedback forms can be found in [14] . Proof: From Lemma 1, Ψ T θ is bounded and from (36), it is continuous; hence, it is uniformly continuous. Using Barbalat's Lemma, Ψ T θ → 0 as t → 0. Following standard techniques in adaptive control [5] , it is easy to show that 43 guarantees exponential convergence of parameters to its true value. .
Theorem 2 (Parametric Convergence
t+T t Ψ(τ)Ψ T (τ)dτ ≥ κ p I p , for some κ p > 0, T > 0 (43)
SIMULATION RESULTS
Extensive simulations were carried out to check the validity of the proposed nonlinear integrated direct/indirect adaptive robust algorithm under two scenarios. Firstly we considered a system with constant disturbances and tried to estimate the mass and disturbances of the system. In the second scenario Gaussian disturbances with nonzero mean and a positive variance were estimated along with unknown mass. The simulation model represents a three-link robot arm (a scaled down version of industrial backhoe loader arm) driven by three single-rod hydraulic cylinders as shown in Fig.1 . The three hydraulic cylinders are controlled by two proportional directional control valves and one servovalve manufactured by Parker Hannifan company. The different arms are called swing, boom and stick.
The exact model of the hydraulic arm shown in Fig.1 is quite messy and can be obtained from the authors. Parameters of the actual arm used in the simulations are: Constant Disturbances: The tracking errors of three joints are shown in Fig.4(a), Fig.4(c) and Fig.4(e) . As seen, the system has very small tracking errors during both transient period and steady-state period. Fig. 4(b) , Fig. 4(d) and Fig. 4(f) show the control input of valves for three joints. The control inputs are within the control input saturation level ±10V . Fig. 7, Fig. 5(a) , Fig. 5(b) and Fig. 5(c) show the least square estimates of the four parameters as considered in the algorithm. The parameter estimates show very good convergence properties as compared the some of the previous result of using gradient law in [3] , while preserving same tracking performance.
Disturbance with Nonzero Mean: The algorithm was also implemented with nonzero mean bounded gaussian disturbances and the seen in the results the nice properties of transient and steady state performance are preserved. The system modeling imperfection due to disturbance degrades the parameter estimation process as expected. However, the overall performance of the estimation process as improved compared to gradient-type estimation process. 
CONCLUSION
In this paper, an integrated direct-indirect adaptive robust control (DIARC) a;gorithm is proposed for the precision control of a 3 DOF hydraulic robotic arm with a special emphasis on parameter estimates. We have used Least Square Estimation (LSE) for a better estimation of physical parameter [10] and a dynamic compensation type of feedback control [12] . is used to preserve the better accuracy in output tracking especially during the transient. Extensive simulation results show that the seamless integration of good tracking performance and accurate parameter estimation are possible using DIARC algorithm.
